ABSTRACT
INTRODUCTION
Microwave photonic filters (MPFs) have attracted considerable interests in the past few years, thanks to the advantageous features such as large frequency coverage, flexible tunability, light weight and immunity to electromagnetic interference [1] . Therefore, for many applications in wireless communication, modern radar and electronic warfare systems, MPFs are highly desired for processing broadband and high frequency microwave signals comparable to conventional electrical filters. Typical techniques for realizing MPFs are based on optical delay line structures. However, due to the nature of the discrete time signal processing, multiple harmonic passbands are achieved with poor tunability. In the past years, the realization of a single passband MPF with wideband tunability is of great interest for its important use in microwave signal processing application. Many approaches have been reported to achieve a single passband MPF, by using a broad optical source combing with a spectrum slider [2, 3] , such as a Mach-Zehnder interferometer (MZI) or a Waveshaper. However, the MZI is sensitive to the environment and the Waveshaper is costly and bulky. A single bandpass MPF can also be realized based on phase modulation to intensity modulation (PM-IM) conversion [4] [5] [6] , using a ring resonator, fiber Bragg gratings (FBG) or stimulated Brillouin scattering (SBS) in a nonlinear fiber. By filtering or amplifying one of the modulated sidebands, the phase modulated signals can be transferred to the intensity modulated signals and thus the shape of the optical filter or amplifier can be mapped to the amplitude response of the MPF. In [7] , a tunable single passband MPF using a phase-shifted FBG was obtained. However, the frequency tuning range is restricted by the bandwidth of the phase-shifted FBG. Furthermore, the optical carrier must be located in the passband of the phase-shifted FBG to avoid the optical carrier is suppressed. In [8] , a tunable single passband MPF based on Brillouin-assisted optical carrier recovery in a high nonlinear fiber was achieved. However, due to the use of the frequency shifter for SBS process, the system is cost and complex.
In this paper, we propose a novel approach to implementing a tunable single passband MPF based on a distributed-feedback semiconductor optical amplifier (DFB-SOA). A DFB-SOA is a DFB laser biased below lasing threshold that combines the functions of optical spectrum selectivity and optical power amplification. The proposed MPF is realized by mapping the shape of a tunable optical passband filter from optical domain to electrical domain. When the phase modulated signal pass through the passband filter, the lower sideband is selected out while the optical carrier and the upper sideband are significant suppressed. After that, the optical carrier is then recovered owe to the wavelength-selective amplification of the DFB-SOA. Through PM-IM conversion, a microwave signal is generated at the photodetector. The proposed MPF is experimentally demonstrated. A single passband MPF with 3-dB bandwidth of 4 GHz and frequency tuning range from 5 to 35 GHz is achieved. 
EXPERIMENT
The schematic diagram of the proposed tunable single passband MPF is shown in Fig. 1 , consisting of a tunable laser source (TLS), a phase modulator (PM), a tunable optical filter (TOF), a DFB-SOA and a photodetector (PD). The key device of the proposed tunable single passband MPF is the DFB-SOA. A FBG with central π -phase-shift is built outside the active layer of the SOA. Both the front and rear facets of the DFB-SOA are coated with anti-reflection film. The measured gain spectrum of the DFB-SOA is shown in Fig. 2 . It can be seen that the gain peak is located at 1546.39 nm. A continuous wave (CW) lightwave from the TLS (Agilent 8164B) with linewidth less than 100 KHz is sent to the PM. The central wavelength of the lightwave is tuned to match the gain peak of the DFB-SOA. A sinusoidal microwave signal from a vector network analyzer (Agilent 8722ET) is applied to the PM with a 3-dB bandwidth of 40 GHz. At the output of the PM, the phase modulated signal is launched into the TOF (Yenista XTA-50) with a 3-dB bandwidth of 32 pm (i.e., 4 GHz). The central wavelength is firstly set to be 1546.25 nm. When the microwave frequency is equal to the frequency spacing between the optical carrier and the central wavelength of the TOF (i.e., 17.5 GHz), the lower sideband will be selected out while the optical carrier and the upper sideband will be significant suppressed. Fig. 3(a) shows the output optical spectrum from the TOF when a CW electrical signal with fixed frequency of 17.5 GHz is applied to the PM. It can be obviously seen that the lower sideband is selected out while the optical carrier is deeply suppressed more than 50 dB. The filtered optical signal is then directed to the DFB-SOA for wavelength-selective amplification. The insertion loss of the DFB-SOA is about 10 dB. The output optical spectrum from the DFB-SOA is shown in Fig. 3(b) corresponding to the case that the DFB-SOA is on and off. It can be clearly observed that the suppressed optical carrier is effectively recovered about 22 dB. Fig. 4(a) shows the measured magnitude response of the proposed MPF by sweeping the frequency of the electrical signal from 50 MHz to 40 GHz. The central frequency of the passband is 17.5 GHz, which shows a good agreement with the frequency spacing between the optical carrier and the central wavelength of the TOF. Moreover, the 3-dB bandwidth of the passband of the MPF is equal to the one of the TOF indicates that the shape of the TOF is directly mapped from optical domain to electrical domain. Additionally, the out-of-band suppression ratio of the MPF is measured to be around 20 dB, which is high enough in most applications. It is worth noting that the ripples in the passband may be resulted from the phase fluctuation induced by the spontaneous emission of the DFB-SOA. The tunability of the central frequency of the MPF is achieved by tuning the central wavelength of the TLS. As can be seen from Fig. 4(b) , the tunable center frequency of the passband covers a range from 5 to 35 GHz. Noted that the tunable frequency coverage here is greatly limited by the bandwidth of the PM and the PD. Thus the tunable frequency coverage can be further extended by employing a PM and a PD with a wider bandwidth. The total insertion loss of the MPF is about 45 dB. The large insertion loss is mainly caused by the large loss of the TOF and the low optical-electrical conversion efficiency of the PD. By using an electrical amplifier, the loss can be greatly compensated. Besides, the 3-dB bandwidth of the passband is largely dependent on the one of the TOF. If a narrow bandpass optical filter such as a π -phase-shifted FBG is employed, the bandwidth of the passband of our proposed MPF could be as narrow as hundreds of MHz. Considering the wavelength shift under optical injection of the DFB-SOA, the central wavelength of the TLS should be tuned correspondingly to match the gain peak. Finally, the proposed tunable single passband MPF can also be regarded as an optical vector network analyzer (OVNA) which offers major advantage of characterizing the transmission response of the optical component with bandpass response. 
CONCLUSION
We have proposed a novel approach to implement a tunable single passband MPF based on a DFB-SOA. The proposed MPF is realized by utilizing the wavelength-selective amplification of the DFB-SOA and mapping the passband of a TLS from optical domain to electrical domain. The TLS is used to select out the lower sideband of the phase modulated signal and suppress the optical carrier. The suppressed optical carrier is then effectively recovered by the DFB-SOA and beats with the lower sideband to generate a microwave signal. Through PM-IM conversion, a single passband MPF is obtained with the shape of the TLS. The bandwidth, tunability, insertion loss and out-of-band suppression ratio of the proposed MPF are investigated in the experiment. By tuning the central wavelength of the TLS, a single passband MPF with frequency tuning range from 5 to 35 GHz is achieved. The 3-dB bandwidth and the out-of-band suppression ratio are measured to be 4 GHz and 20 dB, respectively. In addition, the scheme also shows the potential for integration, which may provide a simple and effective solution for microwave filtering applications.
